INTRODUCTION
Animal health regulatory officials are increasingly interested in applying risk assessment techniques to international trade issues. Risk assessment is an evaluation of the likelihood of an adverse event occurring and the magnitude of impact should it occur. Essentially, a risk assessment tries to answer the following three questions (5):
-What can go wrong? -How likely is that to happen? -What would the consequences be if things went wrong?
A formal risk assessment documents the process and information used. The process should be scientifically-based, well-documented, flexible, consistent, and open to review. Applied to international trade, specifically importing animals and animal products, risk assessment estimates the likelihood of importing an undesired animal disease agent or vector along with the imported animal or animal product in a specified set of circumstances. Regulatory officials may then use this risk estimate to establish risk management guidelines and procedures, and to determine if and how the proposed importation should proceed.
The concepts of risk assessment as applied to international trade decisions are fairly basic and straightforward. They include the following: a) evaluating evidence of the likely presence of specific animal disease agents or vectors in an animal or product of animal origin presented for importation; b) evaluating evidence with regard to the likelihood that the disease agent or vector would survive transit and commercial processing; c) evaluating the expected impacts of regulatory protocols and risk mitigation procedures on the ability of the disease agent or vector to survive in the specific commodity to be imported; and d) evaluating the level of risk associated with each importation which can be tolerated by the importing country when weighed against the expected benefits of the importation.
The application of risk assessment to biology and infectious diseases is still relatively new, and the practice is more complex than the concepts outlined above. As yet, there is no formal international agreement on the application of risk assessment methods to international trade issues. This paper discusses reasons for conducting risk assessments, and presents a process for quantitative risk assessment. The process includes a method to quantify the uncertainty which results from the inherent limitations of information and biological variability when conducting a quantitative risk assessment.
WHY CONDUCT RISK ASSESSMENTS?
Regulatory officials are required to make decisions in the face of uncertainty using incomplete or equivocal data. The outcomes of these decisions can affect tremendous numbers of people as well as the international balance of trade. Risk assessment has proved to be an effective method of providing decision-makers with more complete information, in order to help them to make more informed decisions and to better assess the impact of these decisions.
A second reason for conducting risk assessments is the growing support for using these methods, as seen in the General Agreement on Tariffs and Trade (GATT) and the North American Free Trade Agreement (NAFTA). As tariff barriers to international trade diminish, the biggest potential barriers to trade are plant and animal health restrictions. In order to ensure that these restrictions do not become arbitrary non-tariff trade barriers, the international community is seeking a way to determine which sanitary restrictions, if any, are necessary. The application of arbitrary sanitary restrictions could result in international trade sanctions under proposed GATT rules.
Regionalization provides a third reason for using risk assessment in international trade decision-making. Regionalization identifies an area based on characteristics which could affect the presence and spread of animal disease agents or vectors, independent of national boundaries. Evaluating these characteristics is synonymous with evaluating risks for the presence of specific agents associated with a given region. In effect, a full application of the concept of regionalization requires the use of risk assessment. Regionalization is one domain which highlights the vital importance of information. Those areas with the necessary infrastructure to gather and analyze data, and the ability to provide this data to the international community, will be in a better position to expand export markets than those countries which fail to provide information regarding risk characteristics for animal diseases. The evaluation of likelihood begins with a statement of the question to be addressed by the risk assessment. The question should be as specific as is necessary to provide useful information to decision-makers. A question usually specifies the disease(s) of concern, the animal or animal product to be imported and the time-frame of interest. A sample question, which will be followed through this paper, might be "What are the risks of importing any exotic animal diseases or vectors with a shipment of cattle from country X?" The question may be reformulated as new information is learned.
QUANTITATIVE RISK ASSESSMENT METHODS
The original question may be so broadly phrased that additional research is necessary to identify specific hazards. A hazard is defined as any event which has the potential to produce harm. Using the sample question above, the process of hazard identification includes determining which exotic diseases are present in the country of origin. If the hazard is broad, the question might be divided into a series of questions; for example, "What is the likelihood of introducing foot and mouth disease with a shipment of cattle from country X? Rinderpest? Rift Valley fever? Bluetongue?"
Once the hazard of interest is identified, the assessor lists all the events which are expected to occur during importation. This is called the "as planned" scenario because it represents the expected flow of events which prevent the unwanted event from occurring ( Fig. 1 
) (5). A scenario tree is developed by constructing a diagram of each
Initiating event:
Animal infected cattle exported with FMD? from country X
FIG. 1 Diagram of the "as planned" scenario
Hazard of interest: introducing foot and mouth disease (FMD) with a shipment of cattle from country X step in which an unplanned event could occur ( Fig. 2 ) (7). These deviations are presented in the form of diagrams until they reach one of three end-points: the deviation results in the same outcome as the "as planned" scenario (i.e. it does not pose an actual hazard); the deviation ends at a point which is neither the hazard of interest nor the outcome of the "as planned" scenario; or the deviation culminates in the occurrence of the hazard of interest (Fig. 3) . If an outcome which is neither the "as planned" outcome nor the hazard of interest appears in the scenario tree, it may indicate another facet of the risk situation which deserves investigation and the development of another risk assessment. For example, if animals infected with an OIE List A disease are detected while in quarantine in the importing country (Fig. 4) , this is neither the "as planned" scenario of "no infected animals are selected for export from Hazard of interest represents end-point of scenario tree country X", nor does it correspond to the hazard of interest "FMD introduced through a shipment of cattle from country X". Detection of infected animals in quarantine in the importing country entails certain costs which might then become the focus of an assessment to answer the question, "What is the probability (i.e. both likelihood and consequences) that a quarantine station must be closed for cleaning and disinfection because of the detection of a List A disease in a shipment of imported animals within the next calendar year?" 
End-points to scenario tree may indicate hazards different from hazard of interest
As the scenario tree is developed, each branch is named for the event which it represents. For ease of use, each branch is also assigned an algebraic label, which decreases confusion and diminishes requirements for writing long descriptive phrases. Assigning units and carrying these units through the tree also checks that the algebraic model is correct (although it does not necessarily validate the conceptual model). In developing a tree, it is important that all possible outcomes are included and that these outcomes are mutually exclusive. If all outcomes are mutually exclusive, then the sum of their probabilities (i.e. the likelihood that one of the outcomes will occur) totals 1. When two branches emanate from one node, they each represent some portion, or some fraction, of the total possible outcome. Therefore, if one branch were labelled A, the other branch (by definition) can be labelled 1 -A (Fig. 5) . Units are assigned to each of the branches to ensure that they are consistent with the events which the branch represents and that the end-point of the assessment will be expressed in usable, comprehensible units. Once the scenario tree has been developed, it is necessary to gather and document the evidence which will allow the assessor to assign numerical values to the likelihood of the described events occurring. Although information is continually gathered throughout the earlier components of the risk assessment, it is formally included at this stage because it is most efficient to search for only that information which directly applies to the branches of the developed scenario tree. This information then becomes the evidence on which quantification of the tree is based. The information may be obtained from experimental research or actual experience, or it may be epidemiological data or anecdotal information; this can then be arranged in order to indicate which sources are deemed most credible by the assessor. In the sample question which has been followed from Figures 1 to 5 , the research may begin by determining the prevalence of each disease of interest in country X, the specificity and sensitivity of current testing procedures, and other details of the quarantine process.
On the basis of the evidence collected, the assessor assigns numerical values to each branch of the scenario tree, thus quantifying the likelihood of each event occurring. These values are based on the evidence, which includes some degree of uncertainty. A discussion of how to address uncertainty is presented in the next section of this paper.
When values have been assigned to the branches of the scenario tree, the actual quantitative risk assessment is performed. All independent, sequential events which lead to a specific end-point are multiplied, to arrive at the likelihood of a particular event occurring via a specific pathway, as shown:
(1 -A) x (1 -B) = probability of introducing FMD.
If more than one pathway leads to the same end-point, the likelihood values for each pathway are added to obtain the overall probability of the end-point occurring via any pathway. Multiplying the value of the initiating event by the value of the sequence of events which lead to the hazard of interest, results in the expected frequency (expressed in number of cattle) with which FMD-infected cattle are not detected in quarantine and are released into the importing country, as shown below:
(number of cattle in shipment) x (1 -A) x (1 -B) = expected number of FMD-infected cattle released from quarantine.
When values are assigned to the branches of the scenario tree and summary values calculated, it is particularly easy to identify specific branches of the tree with the largest impact. These branches highlight areas of particular interest in risk management decisions, where a single intervention would have a more significant impact on the overall likelihood of adverse events occurring. A scenario tree allows the assessor to present the impact of a variety of risk management options to decision-makers in a concise, uniform format, increasing the ability of management to make an informed decision. It is also easy to pinpoint those branches in which uncertainty plays the largest role, allowing the assessor to recommend areas for additional research before more precise likelihood estimates can be made.
The final step is to write a formal report presenting all methods, models, evidence, statistical or quantification methods used, with a text summary which clearly explains the assessment. The development of this report starts with the identification of the hazard, the initial background research and the (re)statement of the question, and continues through the consideration of risk management options. Evidence used to assign values to each branch of the scenario tree is documented by citing reference articles, expert opinion, or results of laboratory and/or field studies. The use of the scenario tree ensures that all evidence is both evaluated and documented, and provides a logical format which provides an explicit diagram of the model and the underlying assumptions.
LIKELIHOOD, UNCERTAINTY, AND RISK ASSESSMENT
Performing a risk assessment and estimating the likelihood of an adverse outcome (such as the introduction of an unwanted animal disease agent or vector), essentially involve trying to predict the future. Risk assessment requires an estimation of the probability that one of many potential future events will actually transpire. This process necessarily involves uncertainty. A risk assessment method must include some estimation of the degree and source of uncertainty associated with predicting the likelihood of introducing an animal disease (1).
Decision-makers are faced with uncertainty in every decision they make. Familiarity with the uncertainty surrounding decision-making often leads decision-makers to accept uncertainty as inevitable, leaving the sources and magnitude of this uncertainty undefined, unquantified and un evaluated (6) . A "point estimate" is often used to represent the results of a risk assessment because a single value is clear, precise, and easy to understand. Unfortunately, the very precision of a point estimate gives the misleading impression that the value presented is the answer. The statement of a single value as the result of risk assessment encourages decision-makers to focus on one single possible outcome. This ignores the fact that the single value was derived from evaluating many possible outcomes, and represents only an estimate of one potential outcome among many. In addition, a point estimate may be based on the mean, median or mode of the distribution of all possible outcomes. Therefore, point estimates which represent very different data distributions can have the same numerical value. For example, Figure 6 illustrates two different probability distributions which have the same mean. Obviously, the risk represented by these distributions is very different, a difference which is not apparent if only the mean (typically selected as the point estimate) is presented. Decision criteria used by managers are often based on knowing the likelihood of the worst case scenario. Presenting only a point estimate does not provide managers with the information required for informed decision-making. 
Summary statistics and probability density functions for two random variables
It is common to address the deficiencies of point estimates by presenting a point estimate associated with the range of expected likelihood values (8) . This serves to recognize the uncertainty associated with the point estimate and to give expected upper and lower boundaries. However, a range does not convey the changes in probability for all possible outcomes, resulting in an incomplete and potentially misleading representation. One very effective way of representing uncertain data is to present all the data in the form of a probability density function (PDF) (3, 4) . A PDF graphically represents the complete distribution of possible outcomes, weighted by the likelihood of their occurrence. In a PDF, the horizontal (x) axis displays the values of the outcome of interest. Figure 7 portrays a PDF where the x axis represents the weight of prohibited material entering Alaskan landfills annually. The vertical axis (y) represents the probability density. As the y axis represents density, the probability of a specific value on the x axis is determined by calculating the area under the curve at that point, and not by simply reading the corresponding y coordinate. The total area under the curve is If the curve is a sharp peak over a narrow base, most of the area under the curve is concentrated over a narrow range of potential outcomes, indicating a limited amount of uncertainty. With a wide, shallow curve, the area of the curve is spread out over more potential outcomes, with less likelihood that any one value is the "true" value, and thus indicating more uncertainty. Because PDFs can be difficult to interpret without extensive experience, the information presented in a PDF is often converted to a cumulative distribution function (CDF). A CDF (Fig. 8 ) also represents the probability associated with a full range of possible outcomes, but is easier to interpret at a first glance. The x axis still represents the possible values of the outcome of interest, but now the y axis represents the cumulative probability. Using a CDF, the x,y intercept can be read directly from the axes, without calculating the area under the curve as required when using PDFs. Using either the PDF or CDF accomplishes the desired goal of representing the uncertainty associated with the results of quantitative risk assessment.
There are many potential sources of uncertainty in conducting a risk assessment. For example, disease prevalence is often expressed as a point estimate, creating uncertainty with regard to the range and distribution of prevalence estimates. Biological variation in disease susceptibility or reaction to diagnostic tests produces another source of uncertainty. Human errors in measurement, and both systematic and random errors in sampling contribute to overall uncertainty. The development of a conceptual model and the selection of variables lead to yet another source of uncertainty. Displaying this uncertainty, and examining the source as well as the magnitude of uncertainty, allows decision-makers to evaluate various management options in the face of uncertainty. 
CONCLUSION
Animal health regulatory officials have always made decisions in the face of uncertainty, while attempting to prevent the introduction of exotic animal diseases. Decision-makers have rightly "erred on the side of caution", particularly when the degree and sources of uncertainty were not explicitly stated. More recently, decision-makers, producers and the international animal health community have recognized the high costs -such as diminished genetic diversity and loss of marketsassociated with this evolution of an arbitrary set of sanitary regulations. In order to reap the benefits of more open trade, while maintaining control over exotic disease exclusion programmes, animal health officials are turning to risk assessment.
In an article describing ways to evaluate the risks associated with capital investment, Hertz states (2):
"Risk analysis has become one with public policy. Without it, any important choice that leads to uncertain outcomes is uninformed; with it, properly applied and understood, the decision-maker -business executive, government administrator, scientist, legislator -is better able to decide why one course of action might be more desirable than another."
Cumulative probability
Developing a quantitative risk assessment process provides better information to decision-makers so that the most beneficial courses of action can be taken. 
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